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A number of psychophysical nd physiological studies have suggested that first- and second-order 
motion signals are processed, at least initially, by independent pathways, and that the two pathways 
both consist of multiple motion-detecting channels that are each narrowly tuned to a different 
spatial scale (spatial frequency). However, the precise number and nature of the mechanisms that 
subserve first- and second-order motion perception in human vision remain both controversial and 
speculative. We sought o clarify this issue by conducting selective adaptation experiments, in which 
modulation-depth thresholds for identifying the direction of stimulus motion of first-order 
(luminance-defined) and second-order (contrast-defined) drifting gratings were measured both 
prior to and following adaptation to motion. The drift direction, spatial frequency and stimulus 
type (either first- or second-order) of the adaptation and test stimuli were systematically 
manipulated. When the adaptation and test stimuli were either both first-order gratings or both 
second-order gratings, robust elevations of direction-identification thresholds were found and, 
importantly, these aftereffects exhibited both direction-selectivity and spatial-frequency selectivity. 
Cross-over-adaptation effects between first- and second-order gratings were also sometimes 
observed, but were very weak and not spatial-frequency selective. These findings give direct 
support for the existence of multiple-scale processing for first- and second-order motion in the 
human visual system and provide additional evidence that the two varieties of motion are initially 
processed by independent pathways. © 1997 Elsevier Science Ltd 
Motion First-order Second-order Adaptation Direction Spatial frequency 
INTRODUCTION 
Objects in the visual world can be defined by first-order 
(FO) properties like luminance and colour and by second- 
order (SO) properties uch as texture and contrast. The 
human visual system appears to take advantage of both 
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¶A related and, as yet, largely unresolved issue concerns the extent to 
which different varieties of FO motion or SO motion are detected 
by separate mechanisms. For instance, although coionr and 
luminance are both FO image properties, the processing of 
colour-defined and luminance-defined motion may be different 
(e.g., Cropper & Derrington, 1994). Similarly, SO motion includes, 
by definition, movement defined by binocular disparity and the 
translation ofboundaries defined by relative motion (Julesz, 1971; 
Zanker, 1993), but it has been suggested that hese are detected by 
mechanisms that are distinct from those used to encode other 
varieties of SO motion (Cavanagh, 1994; Lu & Sperling, 1995a). 
This issue is beyond the scope of the present study, in which we 
focus on the most widely studied examples of FO and SO motion: 
luminance-defined an  contrast-defined motion, respectively. 
types of information in that the movements of objects 
defined by either FO or SO features result in vivid 
percepts of motion (Badcock & Derrington, 1985; 
Cavanagh & Mather, 1989; Chubb & Sperling, 1988; 
Smith, 1994a). However, there remain many unresolved 
issues concerning the functional architecture of FO and 
SO motion processing mechanisms. For example, is SO 
motion processed by mechanisms that are indifferent o 
the spatial scale over which motion occurs or by multiple 
channels that are each narrowly tuned to a different 
spatial scale (range of spatial frequencies)? Do spatial 
properties of SO motion-detecting mechanisms resemble 
those for encoding FO motion? I f  so, are the two varieties 
of motion processed by a common pathway or separate 
pathways? These issues will be addressed in the present 
paper.¶ 
Separate pathways for FO and SO motion ?
Theoretically, SO motion cannot be extracted by 
conventional (FO) motion sensors (Chubb & Sperling, 
1988), which have been postulated to perform some form 
of patchwise frequency analysis of the intensity distribu- 
tion in the retinal image. Models based upon this 
computational principle (e.g., Adelson & Bergen, 1985; 
van Santen & Sperling, 1985; Watson & Ahumada, 1985) 
utilize receptive fields that are oriented in both space and 
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time (or spatiotemporal frequency) and have been highly 
influential in the field of motion detection. In addition, 
physiological studies (e.g., DeAngelis et al., 1993a,b) of 
the response properties of motion-sensitive c lls in the 
mammalian cortex also lend support to the general 
principles underlying such models. As a consequence it 
seems likely that SO motion processing is mediated by 
mechanisms in the visual system that are distinct from 
those used to detect FO motion. However, it has been 
suggested that FO and SO stimuli could be detected by a 
common mechanism. For example, nonlinear signal 
transmission early in the visual system could generate 
distortion products (Henning et al., 1975; Logvinenko, 
1990) which could be then used to detect motion in SO 
stimuli, though Badcock and Derrington (1985, 1989) 
ruled out this possibility, at least for the perception of 
drifting beat patterns. Alternatively, Johnston and 
colleagues (Johnston & Clifford, 1995a,b; Johnston et 
al., 1992) have recently proposed a complex gradient- 
type model of motion detection that can extract some 
varieties of SO and FO motion. 
In terms of differentiating between these possibilities, 
the current weight of evidence from a range of 
psychophysical (Derrington & Badcock, 1985; Dosher 
et al., 1989; Edwards & Badcock, 1995; Hammett et al., 
1993; Harris & Smith, 1992; Landy et al., 1991; 
Ledgeway & Smith, 1994a; Lu & Sperling, 1995a; 
Mather & West, 1993; Nishida et al., 1997; Nishida & 
Sato, 1992, 1995; Solomon & Sperling, 1994), electro- 
physiological (Zhou & Baker, 1993, 1994, 1996) and 
clinical neuropsychological (Vaina et al., 1993)studies 
favours the notion that, at least initially, FO and SO 
motion are encoded by separate motion pathways. 
Nevertheless, there are some findings which appear to 
support the notion of a single common pathway for 
encoding both FO and SO motion (Johnston & Clifford, 
1995a,b; Turano, 1991). For example, selective adapta- 
tion is a well-known phenomenon i  which the stimulus 
intensity required by an observer to see a (test) stimulus i  
elevated following prolonged viewing of a "similar" 
(adaptation) stimulus (e.g., Blakemore & Campbell, 
1969). After prolonged exposure to a grating drifting in 
one direction, the threshold contrast for motion detection 
is elevated more for test gratings drifting in the same 
direction than in the opposite direction (Pantle & Sekuler, 
1969; Sekuler & Ganz, 1963). This phenomenon ccurs 
for SO stimuli as well as with FO stimuli (Ledgeway &
Smith, 1992; Turano, 1991) and Turano (1991) has 
reported that direction-selective threshold elevation 
*so mechanisms appear to exhibit wo types of spatial-frequency 
tuning (e.g., Zhou & Baker, 1993): one for contrast modulation 
(envelope) and the other for luminance modulation (carrier). For 
the purposes ofthe present paper, we are primarily interested in the 
spatial-frequency tuning properties ofSO motion detectors rather 
than those of other filtering operations which have been 
hypothesized to occur prior to motion analysis norder to extract 
the luminance profile of the stimulus (Chubb & Sperling, 1988; 
Wilson et al., 1992). We therefore give attention tothe spatial 
frequency ofcontrast modulation in SO stimuli (c.f., Langley et al., 
1996; Nishida et al., 1992; Werkhoven t al., 1993, 1994). 
occurs even under cross-adaptation conditions: that is, 
adaptation to FO motion affects the detection threshold 
for SO motion, and vice versa. Turano (1991) regards this 
latter finding as evidence for a common mechanism for 
FO and SO motion detection. 
Multiple-scale bandpass channels fo r  FO motion detec- 
tion ? 
The existence of multiple spatial-frequency channels i
a reasonably well-established property of visual pattern 
processing [e.g., see De Valois & De Valois (1990) for a 
review] and it has also been suggested that the same 
principle holds for motion processing. Spatial-frequency 
selectivity is implemented in a number of models of FO 
motion detection, including those discussed above. For 
these models, frequency selectivity is theoretically 
important in order to avoid spatial aliasing (van Santen 
& Sperling, 1984, 1985), or to calculate local motion 
energy (Adelson & Bergen, 1985). One exception is 
Morgan's (1992) model, in which only a single low-pass 
spatial filter precedes motion analysis. Morgan and 
colleagues (Morgan, 1992; Morgan & Fahle, 1992; 
Morgan & Mather, 1994) showed that this model 
successfully predicts the effects of dot size, dot density 
and spatial low-pass filtering on direction discrimination 
performance in random-dot-kinematograms (but see Bex 
et al., 1995). Although these authors also proposed a 
modified model that appreciates the concept of multiple- 
scale processing (Morgan & Mather, 1994), it was 
assumed that different spatial-frequency signals are 
pooled before motion analysis takes place. 
Several lines of evidence support the notion of 
multiple-scale FO motion channels in human vision 
(Anderson & Burr, 1985, 1989; Cameron et al., 1992; 
Ledgeway, 1996; Pantle et al., 1978), though the extent to 
which the observed spatial frequency selectivity reflects 
the properties of motion mechanisms per  se or those of 
non-direction-selective processes i uncertain (see "Dis- 
cussion"). One exception is the finding of Pantle et al. 
(1978) that adaptation to FO motion produces direction- 
selective threshold elevation that is spatial-frequency 
selective. As the magnitude of this aftereffect is selective 
both for the drift directions and spatial frequencies of the 
adaptation and test stimuli, it is likely to reflect the 
properties of motion mechanisms. However, since the 
study examined only two spatial frequencies, the 
reliability and robustness of this phenomenon need to 
be studied over a greater range of spatial frequencies. 
Multiple-scale bandpass channels fo r  SO motion detec- 
tion ?* 
It has been suggested that low-level mechanisms exist 
to extract SO motion and that these operate in a 
qualitatively similar manner to those that detect FO 
motion (Cavanagh & Mather, 1989; Chubb & Sperling, 
1988). Specifically, a number of models of SO motion 
detection (Chubb & Sperling, 1988; Fleet & Langley, 
1994; Wilson et al., 1992) utilize a nonlinear preproces- 
sing stage (e.g., rectification) in order to expose the SO 
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FIGURE 1. Space-space and space-time plots of the stimuli. The first-order g ating (left) was a luminance modulation fa 
uniform field, and the second-order stimulus (right) was a contrast amplitude modulation fa random-dot field. 
motion signal to analysis by conventional motion sensors. 
An alternative view is that SO motion detection is based 
upon quite a different strategy such as the extraction of 
local features followed by a matching process (e.g., 
Georgeson & Shackleton, 1989). If the mechanisms that 
mediate the detection of FO and SO motion utilize 
similar computational principles, and if the FO motion 
pathway consists of multiple-scale bandpass channels, it 
might be expected that the SO pathway also consists of 
multiple-scale channels. Although this proposal is either 
implicitly or explicitly incorporated into the majority of 
models of SO motion perception, few studies have 
directly addressed this issue. Han& Wilson (1995) found 
some evidence for spatial frequency-selective masking 
effects between SO motion patterns. However, their 
masking functions were very broadly tuned for spatial 
frequency and consequently the number of channels that 
could be identified was only two. 
Design of experiment 
As described above, several studies have suggested 
that FO and SO motion signals are processed by 
independent pathways and that the FO pathway consists 
of multiple channels that are each narrowly tuned to a 
different range of spatial frequencies, but these notions 
are still controversial. Furthermore, the existence of 
multiple-scale processing mechanisms for SO motion 
remains highly speculative. In order to clarify these 
issues, we conducted selective adaptation experiments in
which we independently manipulated the stimulus-type 
(FO or SO motion), drift directions and spatial frequen- 
cies of the adaptation and/or test stimuli. That is, we 
examined how the magnitude of the adaptation effect 
(threshold elevation) depends upon the similarity be- 
tween the adaptation and test stimuli. If there are separate 
pathways for FO and SO motion processing, the 
adaptation effects should be selective for each stimulus 
type. Furthermore, if the detection of FO motion is 
mediated by multiple-scale bandpass channels, as 
suggested previously, then direction-selective adaptation 
effects obtained with FO stimuli should show spatial- 
frequency selectivity. Similar results should be obtained 
with SO motion stimuli, if SO motion detection is also 
mediated by multiple-scale bandpass channels. 
METHODS 
Observers 
The observers were two of the authors, TL and SN. 
They had normal (TL) or corrected-to-normal (SN) 
acuity and no history of any visual disorders. We also 
replicated several key conditions for two additional 
observers and found qualitatively the same results. 
Stimuli and apparatus 
The stimuli were spatially one-dimensional sinusoidal 
gratings oriented vertically. The FO motion stimuli were 
modulations of the luminance of a uniform field, such 
that the luminance profile at a point (x, t) was defined by 
the following equation: 
Ll(x,t) = Line,n[1 + m. sin {27r(fx - ~t)}], 
where Lmean is the mean luminance of the display 
(32 cd/m2), m is modulation depth, f i s  spatial frequency 
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and ~o is temporal frequency. SO gratings were modula- 
tions of the contrast of a random-dot field: 
I_~ (x, y, t) = 
Lmean(1 + 0.5" [1 + m- sin {27r(fx - wt)}] .c .  R(x,y)),  
where c is the maximum carrier contrast which was fixed 
at 85% irrespective of the modulation depth. R(x, y) is a 
spatially two-dimensional noise carrier. It was a static 
binary (-1 or 1) random-dot array and each dot was 
composed of 2x2  pixels (each pixel subtended 
1 x 1 min). The left and right panels in Fig. 1 show the 
space-space and space-time plots of a FO grating and a 
SO grating, respectively. 
For both types of grating, spatial frequency q) was 
varied from 0.125 to 2.0 c/deg in one-octave steps. This 
was achieved by manipulating the rate at which the 
sinusoidal modulation signal was spatially sampled and 
constraining a given number of consecutive screen pixels 
in the horizontal dimension to share a common modula- 
tion value. The modulation signal was sampled 60 times 
per spatial period when f was either 0.125, 0.25, 0.5 or 
1 c/deg and each sample was assigned to a vertical strip 
of pixels that was either 8, 4, 2, or 1 pixel(s) wide, 
respectively. The sampling rate was 30 times per spatial 
period whenfwas 2 c/deg and the strip width was always 
1 pixel. As a result, for the SO stimuli at the lowest hree 
spatial frequencies a single luminance value was assigned 
to each noise dot (see "Discussion" for further considera- 
tion of this point). Unless otherwise noted, temporal 
frequency (to) was -t-4.0 Hz (its sign indicates drift 
direction). The modulation depth (m) of the adaptation 
stimuli was 4.0% for the FO grating and 100% for the SO 
grating. 
All gratings were presented within a rectangular 
display area which subtended 14 deg horizontally and 
4 deg vertically. At the edges of the display area, the 
stimulus contrast was linearly ramped on over 1 deg. The 
background was a uniform gray field (32cd/m 2) 
subtending 19.2 deg horizontally and 15.2 deg vertically. 
A fixation marker was located 2.5 deg above the grating 
centre. 
The stimuli were presented on a Sony GDMI952 CRT 
under control of a Concurrent MC6450 workstation. For 
accurate control of luminance contrast, the number of 
intensity levels available for each pixel was increased 
from the standard 8bits (256) to 13 bits (8192) by using a 
method similar to that proposed by Pelli & Zhang (1991). 
The stimuli could be made to drift either leftwards or 
rightwards by updating their spatial positions at the 
refresh rate of the monitor (66.7Hz, i.e., 15 msec/ 
refresh). Observers binocularly viewed the display in a 
dark room with their head supported on a chin rest. The 
viewing distance was 104 cm. 
In order to ensure that the SO motion stimuli did not 
contain luminance artifacts arising from nonlinearities in
the display [i.e., the mean luminance (Lmean) remained 
constant over large changes in the modulation depth], the 
voltage-luminance nonlinearity of the monitor was 
corrected by means of look-up-table adjustment. As an 
additional precaution against possible luminance artifacts 
(Brown, 1995; Henning et al., 1975; Mulligan & Stone, 
1989; Naiman, 1991; Naiman & Makous, 1992) we used 
an interleaved motion technique to obtain subjective 
equiluminance. This technique consisted of interleaving 
frames containing aFO grating with frames containing a
SO grating, and introducing a spatial-phase shift of 
90 deg between successive frames. This manipulation 
results in a 180 deg phase shift between gratings of the 
same type and thus unambiguous motion will only be 
seen if there is a FO luminance artifact in the SO grating 
(Brown, 1995; Ledgeway & Smith, 1994a). We manipu- 
lated the luminance of the "dark" noise dots in the SO 
grating until the direction of stimulus motion was 
ambiguous [see Appendix of Nishida et aL (1997) for a 
detailed escription of the procedure mployed]. 
Procedure 
In the main experiment, modulation-depth t resholds 
for identifying the direction of stimulus drift were 
measured using the method of adjustment. We measured 
direction-identification thresholds rather than simple 
detection thresholds ince it has been shown (Ledgeway 
& Smith, 1992) that for SO motion stimuli observers tend 
to utilize local FO flicker cues present in the carrier, 
rather than the SO spatial structure, when making 
judgements at threshold. 
Each experimental b ock consisted of an initial 120 sec 
presentation of the adaptation stimulus followed by 
repeated presentations of the test and adaptation stimuli. 
The test stimulus was presented for 3 sec, and the 
adaptation stimulus for 15 sec (to maintain adaptation). 
For the control conditions, either a homogeneous blank 
field (when the test stimulus was a FO motion pattern) or 
static, unmodulated random noise (when the test stimulus 
was a SO motion pattern) was presented uring the 
adaptation phase rather than a drifting motion stimulus. 
The same adaptation stimulus was presented throughout 
each block of trials. The task of the observer was to adjust 
the test modulation depth (m) to the lowest value at which 
the drift direction could be judged correctly, by pressing 
buttons that could change the modulation depth by a 1 dB 
step increase or decrease. A triangular fixation marker 
indicated to the observer the test direction on any one 
trial. When the observer pressed athird button to indicate 
setting completion (with the constraint hat the test 
stimulus had to be presented at least twice), the current 
modulation depth was recorded and a new test stimulus 
was presented. The number of trials required to complete 
each setting ranged from 2 to 12, and the average value 
was approximately 3 for both observers. In a single block, 
threshold values for 10 test stimuli (5 spatial frequen- 
cies x 2 directions) were measured twice for one adapta- 
tion stimulus. 
We employed the method of adjustment in the main 
experiment largely because of the time-intensive nature 
of other methods uch as the method of constant stimuli, 
especially when collecting large amounts of data with 
adaptation paradigms. This was especially important for 
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FIGURE 2. Modulation-depth resholds for first- and second-order 
gratings measured without prior adaptation to motion (control 
conditions). Each point is based on eight judgements, and the standard 
error (SE) is smaller than the symbol size. The second-order thresholds 
were, on average, 25-fold higher than the first-order thresholds. Thus, 
for the main experiment we used adaptation modulation depths of 4% 
and 100% for the first-order and second-order g atings, respectively. 
the present experiment, in which we attempted to 
estimate threshold values both prior to and following 
adaptation for more than 400 stimulus conditions. In 
addition, the use of forced-choice psychophysical 
procedures with SO motion stimuli may introduce 
artifacts or biases into threshold measurements (e.g., 
Ledgeway & Smith, 1992; see "Results" Of the present 
study). Nevertheless, in order to verify that the results 
obtained with the method of adjustment were robust and 
not due to any criteria change adopted by the observers, 
modulation-depth thresholds were also measured using a 
forced-choice procedure and the method of constant 
stimuli for a number of selected conditions. Each block 
consisted of an initial 120sec presentation of the 
adaptation stimulus followed by repeated presentations 
of a 1-sec test stimulus and 10-sec of adaptation. The 
modulation depth of the test stimulus was randomly 
selected from a predetermined set. The observer's task 
was to judge the direction of the test stimulus by means of 
a two-alternative, forced-choice (2AFC) method. The 
modulation depth thresholds (the modulation depth at 
which direction judgements were correct on 75% of 
trials) were estimated from the resulting psychometric 
functions using the maximum likelihood estimation 
procedure (Watson, 1979). The threshold value was 
estimated for each test direction relative to the adaptation 
direction. 
RESULTS 
Control conditions 
Figure 2 shows modulation-depth resholds for FO 
and SO gratings, measured in the absence of prior 
adaptation to motion, as a function of stimulus spatial 
frequency. For both observers, the thresholds for the FO 
gratings follow a bandpass function peaking at 0.5-1.0 
c/deg, while those for the SO gratings show a lowpass 
function within the range of spatial frequencies exam- 
ined. The SO motion thresholds were, on average, 25- 
fold higher than the comparable FO motion thresholds. In 
the main experiment, we therefore used adaptation 
modulation depths of 4% for the FO gratings and 100% 
for the SO gratings in order to equate approximately their 
effective signal strengths. On the basis of the data shown 
in Fig. 2, these values are, on average, 6.7 (FO) and 6.0 
(SO) times the threshold modulation for TL, and 9.4 
(both FO and SO) times the threshold modulation for SN. 
Main experiment 
With regard to stimulus direction, we estimated the 
direction-identification threshold under three conditions: 
(1) when the adaptation direction was the same as the test 
direction (Same); (2) when the adaptation direction was 
opposite that of the test direction (Opposite) and (3) 
control conditions (Control). From the resulting thresh- 
olds, we were able to estimate three types of adaptation 
effect: (1) net (direction-selective and non-selective) 
adaptation effects as indicated by the threshold change 
ratio between the "Same" and "Control" conditions; (2) 
non-direction-selective effects as indicated by the thresh- 
old change ratio between the "Opposite" and "Control" 
conditions; and (3) pure direction-selective effects as 
indicated by the threshold change ratio between the 
"Same" and "Opposite" conditions. It is important to note 
that direction-selective and non-selective adaptation 
effects should not be ascribed simply to adaptation of 
direction-selective and non-selective mechanisms, re- 
spectively. For example, in terms of physiology it is 
known that the directional selectivity of motion-sensitive 
neurons is rarely perfect (e.g., Snowden, 1994) and that 
thoy occasionally respond, though weakly, to stimuli 
moving in their null directions. It is possible, therefore, 
that both direction-selective and non-selective adaptation 
effects (i.e., net effects) reflect adaptation of direction- 
selective mechanisms. 
In Figs 3 and 4, the net, non-direction-selective and 
direction-selective,threshold elevation ratios are plotted 
as functions of the adaptation spatial frequency relative to 
that of the test stimulus. Each column represents he data 
for a given combination of adaptation and test stimuli. 
FO stimuli. When the adaptation and test stimuli were 
both first-order motion patterns (FO-FO), adaptation 
effectively raised the luminance-modulation-depth 
threshold of the test stimulus. Adaptation, assessed in 
terms of either its net (first row) or its direction-selective 
aftereffect ( hird row), was strongest when the adaptation 
and test stimuli had the same spatial frequency. An 
exceptional curve for the lowest est frequency (0.125 c/ 
deg) for observer SN, which peaks at the second lowest 
adaptation frequency (0.25 c/deg), can be accounted for 
in terms of the notion of a lowest adaptable channel 
(Blakemore & Campbell, 1969). There was only a weak 
non-direction-selective adaptation effect (second row) as 
evidenced by the relatively small threshold elevation 
ratios obtained under these conditions. 
SO stimuli. A similar pattern of results was obtained 
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testing with first-order stimuli (SO--FO), or vice versa (FO-SO), produced aftereffects that were very weak (or in some cases 
absent) and non-spatial-frequency selective. 
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FIGURE 5. The results obtained with the method of constant stimuli together with those obtained with the method of 
adjustment, for comparison. Left: the ratio of net, non-direction-selective or direction-selective threshold elevation as a function 
of the adaptation spatial frequency relative to that of the test stimulus. Adaptation and test stimuli were both second-order 
patterns. Right: the threshold elevation ratios for each combination of adaptation and test stimuli with regard to stimulus type. 
Spatial frequency was 0.5 c/deg. All results were obtained with stimuli drifting at 4.0 Hz, and the observer was SN. The 
magnitudes of threshold elevation obtained using the two methods were highly consistent. 
when both the adaptation and test stimuli were second- 
order motion patterns (SO-SO). Adaptation effectively 
raised the contrast-modulation-depth thresholds of test 
stimuli n a direction-selective manner (cf., Ledgeway & 
Smith, 1992; Turano, 1991). The magnitude of the 
elevation, both l~et and direction-selective, p aked when 
the adaptation and test stimuli were matched for spatial 
frequency. It is also apparent that the spatial frequency 
bandwidths of the adaptation effects were comparable 
with those of the FO-FO conditions. Half-height, full- 
width bandwidths of the adaptation effects for observer 
TL (SN), estimated by linear regressions tothe data of the 
centre three test frequencies, were 2.3 (2.6) and 2.8 (3.0) 
octaves for the net and direction-selective FO-FO 
conditions, and 3.3 (3.3) and 2.5 (3.0) octaves for the 
corresponding two SO-SO conditions, respectively. A
slight difference between the FO-FO and SO-SO 
conditions is that non-direction-selective adaptation 
effects were stronger for the SO-SO conditions. This 
may be indicative of either weaker directional selectivity 
for SO motion mechanisms than FO mechanisms, or the 
contribution of non-direction-selective m chanisms to 
the adaptation effects. That the non-direction-selective 
aftereffects exhibit completely different spatial-fre- 
quency tuning characteristics seems to support he latter 
interpretation. 
Cross-adaptation. The similarities between the results 
for the FO-FO and SO-SO conditions would not be 
surprising if both FO and SO motion are processed by the 
same mechanism. If this is the case then similar results 
should be obtained even when the adaptation and test 
stimuli are of different ypes (cross-adaptation). How- 
ever, it is apparent from Figs 3 and 4 that adaptation to 
SO motion had only a minimal effect on the subsequent 
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FIGURE 6. The ratio of threshold elevation following adaptation plotted against the adaptation spatial frequency relative to that 
of the test stimulus, for observer SN. All stimuli drifted at a constant speed (8.0 deg/sec). The adaptation and test stimuli were 
either both first-order (FO-FO) motion patterns or both second-order (SO-SO) motion patterns. Adaptation effects exhibited 
spatial-frequency selectivity and direction selectivity, even when the stimulus peed was constant. 
FO motion detection thresholds (SO-FO). In addition, 
although adaptation to FO motion sometimes raised 
thresholds for detecting SO motion, the effects were very 
weak and/or non-spatial-frequency selective (FO-SO). 
These results upport the concept that the two varieties of 
motion are detected by different mechanisms. 
Method of constant stimuli. Figure 5 shows the results 
for a number of key conditions which were replicated 
using the method of constant stimuli. The corresponding 
threshold ratios obtained with the method of adjustment 
are also redrawn from Fig. 4 in order to aid comparison of 
the two sets of results. The left panel shows threshold 
elevation ratios as a function of the relative adaptation 
spatial frequency when both stimuli were SO motion 
patterns. The right panel shows threshold elevation ratios 
obtained at a single spatial frequency (0.5 c/deg) plotted 
separately for each adaptation and test stimulus combina- 
tion (FO-FO, SO-SO, SO-FO and FO-SO). It is evident 
that the two psychophysical procedures produced very 
similar patterns of results, although the absolute threshold 
values were on average 12% lower for the method of 
constant stimuli. A notable difference between the two 
sets of results is that direction-selective threshold 
elevation for the FO-SO condition was more pronounced 
for the data obtained with the method of constant stimuli. 
This difference may be due, in part, to an artifact arising 
from the use of a forced-choice procedure to measure 
post-adaptation SO motion thresholds: adaptation to FO 
motion often induced a weak motion aftereffect in the 
static noise carrier of the SO motion stimulus, even when 
the SO structure of the stimulus was not visible, and as a 
result ended to bias the observer's responses in favour of 
reporting motion in the direction opposite to adaptation. 
Constant speed. Since the stimuli used in the present 
experiments drifted at a constant emporal frequency 
(4.0 Hz), the speeds of the gratings ystematically varied 
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with their spatial frequency. Thus, it is possible that the 
results for the FO-FO and SO-SO conditions reflect 
speed tuning, rather than spatial-frequency tuning. That 
is, the magnitude of the aftereffect may be maximal when 
the speeds of the adaptation and test stimuli are similar, 
irrespective ofthe spatial frequency relationship between 
the two stimuli. If this is indeed the case, then the 
selectivity of the effect should disappear when all motion 
stimuli drift at a constant speed. We therefore repeated 
the FO-FO and SO-SO conditions but maintained the 
stimulus peed at 8.0 deg/sec (e.g., a 0.125 c/deg grating 
drifted at 1.0 Hz and a 2.0 c/deg grating drifted at 
16.0 Hz). Figure 6 shows the results obtained for one 
observer (SN). For the FO-FO condition, the results were 
very similar to those obtained when the stimuli had a 
constant emporal frequency (Fig. 4). For the SO--SO 
condition, the general pattern of the results was again 
very similar, with the exception that direction-selective 
adaptation was weaker for high spatial-frequency adapta- 
tion stimuli. It is known that sensitivity to SO motion falls 
markedly at high temporal frequencies (Smith et al., 
1994) and thus it is perhaps reasonable to expect such 
stimuli to be less effective at producing direction- 
selective adaptation effects. That spatial-frequency 
selective adaptation is obtained when the stimuli drift 
at either a constant emporal frequency or a constant 
speed provides trong support for the existence of spatial- 
frequency channels for the detection of FO and SO 
stimuli. This conclusion is further supported by previous 
reports of the effects of temporal variables on direction- 
selective threshold elevation. Although both temporal 
frequency and speed exert some influence over the 
magnitude of the adaptation effect (Sekuler, 1975), the 
resulting temporal tuning functions are generally very 
broad and typically peak when neither the temporal 
frequencies nor speeds of the adaptation and test stimuli 
are matched (Pantie & Sekuler, 1969; Sekuler & Ganz, 
1963). 
DISCUSSION 
Implications of selective adaptation effects 
The results of the present experiments show clearly 
that adaptation to either FO or SO motion elevates 
thresholds for detecting the same variety of motion and 
that these aftereffects are both direction selective and 
spatial-frequency selective. That adaptation to a single 
frequency produces a band-limited loss in sensitivity 
centred at that frequency is well known for pattern 
detection tasks. This finding has been taken as strong 
evidence for multiple spatial-frequency tuned channels 
within the visual pathways that process form information, 
with different channels having different centre frequen- 
cies (Blakemore & Campbell, 1969). This spatial- 
frequency selectivity of direction-selective adaptation, 
which has not been extensively studied previously for 
either FO (Pantie et al., 1975) or SO motion, provides 
direct evidence that both FO and SO motion are detected 
by bandpass mechanisms that are tuned to different 
spatial frequencies. Importantly, such selective adapta- 
tion effects were not obtained under cross-adaptation 
conditions and, as such, these findings upport the notion 
that FO motion and SO motion are detected by separate 
pathways, and that each pathway consists of multiple- 
scale bandpass channels. 
Adaptation is believed to desensitize or to change the 
operational range of the response function of neural units 
that are strongly activated by the adaptation stimuli. It is 
debatable, however, whether this sensitivity change is 
brought about by processes that take place within the 
activated units (e.g., fatigue, self gain control) or through 
long-term inhibitory interactions between eighbouring 
units. If aftereffects of adaptation are a result of 
prolonged interactions (Blakemore t al., 1970; Dealy 
& Tolhurst, 1974), spatial-frequency tuning functions of 
aftereffects, like those shown in Figs 3 and 4, should not 
be taken as the frequency tunings of the underlying units. 
This could be a serious limitation to the usefulness of 
selective adaptation techniques. However, unless the 
units themselves have bandpass tunings, it is not clear 
how adaptation could produce ffects that are themselves 
bandpass in nature. Indeed, an adaptation model that 
incorporates the notion of interaction predicts that the 
frequency tuning of the underlying units is much sharper 
than that revealed by adaptation (Ross & Speed, 1991). 
Thus, while the present results may not accurately 
represent the actual spatial-frequency tuning of the FO 
and SO motion units, they nevertheless demonstrate the 
actual existence of multiple-scale channels for both FO 
and SO motion detection. 
Separate pathways for FO and SO motion 
The absence of direction-selective adaptation effects in 
the SO-FO condition of the present study supports the 
notion of separate pathways for FO and SO motion 
processing. Indeed, this result implies that the two 
pathways are essentially independent, at least until the 
directions of each variety of motion have been extracted. 
However, the occasional presence of weak direction- 
selective adaptation effects in the FO-SO condition 
suggests that SO directional mechanisms may, under 
some circumstances, be activated by FO motion (Zhou & 
Baker, 1993), though less effectively than by SO motion. 
Clearly our results are consistent with models (Chubb 
& Sperling, 1988; Wilson et al., 1992) that suggest that, 
at least initially, FO and SO motion are encoded by 
separate motion pathways. Indeed, the present results 
may pose problems for models that propose the existence 
of a common substrate for FO and SO motion detection 
(e.g., Johnston et al., 1992), since on the basis of such 
models one might expect o find strong cross-adaptation 
effects between FO and SO motion patterns at threshold. 
In addition, it is also unclear whether or not a model 
based upon this principle could accommodate the 
additional evidence cited previously (see "Intro- 
duction") in support of separate FO and SO motion 
pathways. 
Turano (1991) examined post-adaptation threshold 
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elevation using FO and SO motion stimuli and found, 
unlike the present study, some evidence for cross- 
adaptation effects between FO and SO motion patterns. 
However, notwithstanding the fact that the two studies 
employed ifferent ypes of SO motion stimuli, a number 
of procedural differences between the studies may have 
contributed to this discrepancy. Firstly, in Turano's tudy 
the observers were free to adopt two strategies (simple 
detection and direction judgements) to perform the 
threshold measurement task. Given that it is possible to 
perform threshold etection tasks on the basis of local FO 
flicker cues, rather than the movement of SO spatial 
structure (Ledgeway & Smith, 1992), the extent o which 
Turano's results reflect sensitivity to SO motion per se is 
indeterminate. Secondly, Turano (1991) did not use 
psychophysical procedures to ensure that the SO stimuli 
were subjectively equiluminant and not contaminated 
with FO artifacts. 
It has recently been suggested that the SO motion 
produced by modulating the contrast of a static random- 
dot field contrast can, in principle, give rise to FO 
artifacts that could be used to detect he motion of the 
stimulus at threshold (Smith & Ledgeway, 1997). 
Theoretically, such a stimulus is "microbalanced" 
(Chubb & Sperling, 1988) in that the expected FO 
motion energy for a given spatial frequency is equal in 
opposite directions, even when the image is windowed at 
any arbitrary spatiotemporal scale. However, this is only 
true when a single luminance value is assigned to each 
noise dot at any point in time. If the sampling interval of 
the contrast modulation is smaller than the dot size, as 
was the case for our SO motion stimuli when the spatial 
frequency of the contrast modulation was 1 or 2 c/deg, 
FO motion energy present within each dot consistently 
signals motion in the direction of the contrast modulation. 
Even if these, or other, FO artifacts were indeed present 
in our SO motion stimuli, they were too small to 
determine threshold performance, as is evidenced by our 
failure to find consistent threshold elevation in the SO- 
FO condition. FO artifacts typically contaminate thresh- 
old measures of SO motion sensitivity only when the 
noise size is large relative to the modulation period 
(Smith & Ledgeway, 1997). 
An interesting prediction that stems from our results, is 
that if FO and SO motion are encoded by separate 
direction-sensitive mechanisms in human vision, then it 
should be possible to obtain direction-selective threshold 
elevation effects that are motion-specific by simulta- 
neously adapting to FO and SO motion in opposite 
directions. Preliminary results (data not shown) suggest 
that this is indeed the case, though threshold elevations 
were considerably smaller than those following adapta- 
tion to a single variety of motion. This is likely to be due, 
in part, to our observation i the present paper that small 
cross-adaptation effects were sometimes observed at 
threshold. Note also that it has previously been shown 
that adaptation to a composite stimulus composed of two 
FO components hat appear to be detected independently 
(e.g., widely separated in terms of the spatial frequency, 
or drift directions) produces less threshold elevation than 
adaptation to either component alone (Nachmias et al., 
1973; Levinson & Sekuler, 1975). Simultaneous adapta- 
tion to FO and SO motion may be another example of 
such a phenomenon. Consistent with this view, pre- 
liminary results also suggest that simultaneous adaptation 
to FO and SO motion drifting in the same direction 
reduces the magnitude of threshold elevation for a FO test 
pattern. We plan to explore these phenomena in greater 
detail in a subsequent s udy. 
Multiple-scale bandpass channels for FO motion detec- 
tion 
Several previous tudies have suggested the existence 
of multiple-scale FO motion channels in human vision. 
Firstly, Anderson, Burr and colleagues (Anderson & 
Burr, 1985, 1987, 1989, 199l; Anderson et al., 1991; 
Burr et al., 1986) conducted an extensive series of 
masking and summation experiments, using sinusoidal 
gratings, in order to estimate the receptive field properties 
of directionally selective mechanisms. Their data, 
especially those obtained using a selective-masking 
technique, support the existence of multiple-scale 
bandpass mechanisms over a wide spatial frequency 
range (0.025-15c/deg). However, as these studies 
generally employed jittering mask stimuli (i.e., the mask 
direction changed rapidly over time), the possibility 
remains that some of the masking effects observed 
occurred at a non-direction-selective stage preceding 
motion analysis. Secondly, the motion aftereffect mea- 
sured using static or very slowly counterphasing test 
stimuli is spatial-frequency selective. That is, it is 
maximal when the adaptation and test stimuli have the 
same spatial frequency (Ashida & Osaka, 1994; Bex et 
al., 1996; Cameron et al., 1992). The matter is 
complicated, however, by the finding that the spatial- 
frequency selectivity of the motion aftereffect collapses 
when the test stimuli counterphase at 1 Hz or at higher 
temporal frequencies (Ashida & Osaka, 1994; Mareschal 
et al., 1997). This raises the possibility that spatial- 
frequency selectivity is obtained only when the test 
stimuli dominantly activate (non-direction-selective) 
pattern mechanisms rather than motion mechanisms. If 
the motion aftereffect measured with static test stimuli s 
a consequence of interaction between pattern and motion- 
sensitive mechanisms (Hiris & Blake, 1992), spatial- 
frequency selectivity of this phenomenon may not simply 
reflect the properties of motion mechanisms. Thirdly, 
Ledgeway (1996) found that the individual frames of a 
random-dot kinematogram have to be similar, in terms of 
their spatial-frequency content, to support coherent 
motion perception. 
In terms of the present study, the finding that 
adaptation to FO motion produces both spatial-frequency 
selective and direction-selective adaptation provides 
additional, and direct, evidence for the existence of 
multiple-scale FO motion mechanisms. This lends 
support o models of FO motion which detect motion 
within limited bands of spatial frequency (e.g., Adelson 
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& Bergen, 1985), but does not support models in which a 
single motion analyser detects movement across all 
spatial scales (Morgan, 1992; Morgan & Mather, 1994). 
Yang & Blake (1994) reported broad spatial-frequency 
tuning of masking effects for the perception of coherent 
global motion using noise dots and signal dots filtered at 
different spatial frequencies. This phenomenon appears 
to be at odds with the concept of narrow tuning of motion 
mechanisms for spatial frequency, but the apparent 
discrepancy may be resolved in terms of the concept of 
multiple-stage processing. Since a coherent motion signal 
in dynamic visual noise can be detected efficiently, the 
perception of global motion is likely to be mediated by 
relatively high-level mechanisms that integrate locally 
extracted motion signals over space (Movshon, 1990). 
Assuming that motion signals extracted at different 
spatial scales are also integrated at this level, it is 
perhaps not surprising that Yang & Blake (1994) found 
broad spatial-frequency tuning functions for the masking 
effects. We will discuss the mechanisms of signal 
integration i  the final section. 
Multiple-scale bandpass channels for SO motion detec- 
tion 
The existence of spatial-frequency selective and 
direction-selective adaptation effects for SO motion 
detection, implies that SO motion as well as FO motion 
is likely to be detected by bandpass multiple-scale 
channels. Thus, our data support models of SO motion 
detection which adopt qualitatively similar computation 
principles to those that extract FO image motion, 
following a nonlinear preprocessing stage (e.g., Chubb 
& Sperling, 1988). 
The present results are also consistent with the 
behaviour of envelope-sensitive n urons found in the 
cat visual cortex, which respond to limited ranges of 
envelope spatial frequency (Zhou & Baker, 1993, 1996). 
These neurons also respond to FO gratings, but over a 
different spatial-frequency range. If SO motion percep- 
tion was mediated by such neurons, any effect of FO 
adaptation on SO detection (FO-SO) would be expected 
to be non-spatial-frequency selective, which is consistent 
with our results. More specifically, these neurons 
generally have a response which peaks at lower spatial 
frequencies for contrast envelopes than for luminance 
modulations. If neurons with similar properties exist in 
the human visual system, one might expect adaptation 
effects to be maximal when the spatial frequency of a FO 
adaptation stimulus is higher than that of a SO test 
stimulus. Our results are not inconsistent with this 
proposal. Similarly, our failure to find adaptation effects 
for the SO-FO condition could be interpreted physiolo- 
gically in terms of the activity of neurons that respond 
only to FO stimuli. However, such proposals are 
speculative since there are a number of anatomical nd 
functional differences between the visual systems of the 
cat and monkey, and probably more between those of the 
cat and human (see, for example, Wandell, 1995). 
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FIGURE 7. A schematic model of the visual motion system. First-order 
motion signals are processed by the left pathway that contains motion 
detectors at each of several spatial scales. Space-time plots of the 
receptive fields of these detectors are illustrated. Second-order motion 
signals are processed by the right pathway, consisting of a nonlinear 
demodulation process, followed by motion detection again at multiple 
scales. Motion signals are subsequently integrated both within each 
pathway and across the two pathways (see text for details). 
Functional architecture of visual motion system 
Although our results suggest that motion signals are 
derived separately from different spatial scales, they may 
be integrated at a later processing stage. This notion is 
supported by the results of Yang & Blake (1994) and by 
studies that have examined the effects of motion 
adaptation on the perception of dynamic suprathreshold 
stimuli. After prolonged exposure to unidirectional 
motion, directionally ambiguous timuli (e.g., counter- 
phasing gratings) are perceived to move in the opposite 
direction. This dynamic motion aftereffect, unlike the 
motion aftereffect measured using static test patterns, is
not spatial-frequency selective (Ashida & Osaka, 1994; 
Mareschal et al., 1997). Similarly, the speed aftereffect, 
in which the perceived speed of a drifting test pattern is 
typically reduced following adaptation, does not exhibit 
spatial-frequency selectivity (Thompson, 1981). These 
two motion aftereffects appear to reflect activity at 
relatively late stages in the visual pathways, since their 
magnitudes are characterized by stimulus speed rather 
than temporal frequency (Ashida & Osaka, 1995; 
Thompson, 1981), and the interocular transfer of the 
dynamic motion aftereffect is nearly perfect (Nishida et 
al., 1994). Another important property shared by the 
dynamic motion aftereffect and the speed aftereffect is
that cross-adaptation ccurs between FO and SO motion 
stimuli to nearly the same extent as that observed 
between stimuli of the same type (Ledgeway, 1994; 
Ledgeway & Smith, 1994b, 1997; Nishida & Sato, 1995). 
Significant interactions between FO and SO signals have 
also been found in studies investigating simultaneous 
motion contrast with dynamic targets (Nishida et al., 
1997) and masking (Han & Wilson, 1995). These 
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interactions strongly suggest that FO and SO motion 
signals are integrated at some level in the visual system. 
Since SO and FO motion signals appear to be processed 
independently up to the global motion detection level 
(Edwards & Badcock, 1995), integration over space and 
spatial scale may occur before integration of FO and SO 
motion signals. 
Figure 7 illustrates a schematic model of the visual 
motion system which is consistent both with the results of 
the present study and those of previous studies, which we 
have been discussed above. The basic architecture of the 
model has much in common with models proposed by 
Wilson et al. (1992), Zhou & Baker (1993), and Nishida 
& Sato (1995). FO motion signals are processed by the 
left pathway that contains motion detectors at each of 
several spatial scales. SO motion signals are processed by 
the fight pathway, consisting of a nonlinear demodulation 
process such as rectification (Chubb & Sperling, 1988), 
followed by motion detection again at multiple scales. At 
the next stage, motion signals are integrated over space 
within each pathway and then the outputs of the two 
pathways are integrated. Motion signals from different 
spatial scales and directions (Wilson et al., 1992) are also 
presumably integrated at these later stages. Note that this 
model does not address the processes which mediate the 
perception of attention-based motion and/or third-order 
motion (Cavanagh, 1992; Lu & Sperling, 1995a,b; Smith, 
1994b). 
In terms of the framework offered by this model it is 
interesting to speculate as to why our results appear to 
reflect the properties of motion mechanisms early in the 
visual pathways rather than those of the later integration 
stages. 
One possibility is that we measured simple modula- 
tion-depth thresholds and that these are determined by 
the most sensitive mechanism (Morrone et al., 1995). 
Presumably, early motion detection processes are more 
sensitive to our stimuli than the later integration stages 
regardless of the status of adaptation. In contrast, 
suprathreshold test stimuli are likely to stimulate 
mechanisms at a number of stages and as a consequence 
measurements using such stimuli (e.g., the dynamic 
motion aftereffect) are inevitably affected by all of them. 
However, further experimentation is required in order to 
establish why some motion phenomena such as masking 
effects measured with SO gratings appear to reflect the 
activity of integrative processes (Han & Wilson, 1995), 
while those measured using FO gratings seem to reveal 
the properties of early motion-detection mechanisms 
(Anderson & Burr, 1985, 1989). 
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